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Nanocomposite  coatings  were  synthesized,  and  subsequently  annealed,  in  an  attempt  to  understand  the
inﬂuence  of  residual  stress  upon  their  resistance  to corrosion  under  acidic  attack.  Pitting  corrosion,  orig-
inating  from  microscopic  coating  defects,  was  commonly  identiﬁed  in  the  coatings  subject  to  annealing.
Finite  element  analysis  was used  to  map  the residual  stress  distribution  adjacent  to  these  defects  and
quantify  resulting  geometrical  changes.  The  results  show  that  with the  presence  of compressive  residual
stress  in  the coatings,  corrosion-initiated  cracking  along  weak  interfaces  was  suppressed,  and  struc-
tural  integrity  maintained.  Moreover,  compressive  residual  stress  helped  constrict  pre-existing  structural
defects  in columnar-structured  coatings  and,  in doing  so, block  the  pathway  of  corrosive  agents  and  limitputtered ﬁlms
EM
odeling studies
corrosion  damage  to  the  coating–substrate  interface  and  the  substrate.  The  closure  aspect  ratio  of  the
coating  defects,  deﬁned  as  a new  key indicator  to the  corrosion  resistance,  was  numerically  evaluated
and  quantitatively  discussed  for TiN  coatings.  Coating  corrosion  resistance  may  be  improved  by  opti-
mizing  the  residual  stress  in  conjunction  with  coating  thickness  and  the  geometry  of  common  defects.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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O. Introduction
Corrosion is ubiquitous and the corrosion of steel-based compo-
ents is estimated to cost about 3% of world gross domestic product
very year [1]. To combat corrosion, advanced ceramic coatings
repared using a range of deposition techniques have attracted
onsiderable attention in recent years [2–4]. Their corrosion behav-
or has been studied using electron microscopy and a variety of
ther surface analytical techniques [5–9].
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Although corrosion is an electrochemical reaction, the process
s also strongly inﬂuenced by the mechanical and microstructural
roperties of the material being investigated. In addition to the
hemical composition of the coating layer, the corrosion resistance
f ceramic coated steels is also affected by a number of physical
nd structural factors. For example, ceramic coatings prepared by
hysical vapor deposition (PVD) often possess microscopic defects,
uch as pinholes or embedded particles [10,11]. These structural
efects may  act as pathways for corrosive agents to penetrate
hrough the coating barrier and initiate localized corrosion in the
ess-noble metal substrate [12,13]. Stress corrosion cracking (SCC)
s frequently used to describe the premature failure of metals when
ubjected to tensile stress in a corrosive environment [14–17].
n the other hand, compressive stress has been found to help
nhibit the corrosion of materials [18]; however, the underlying
echanism of such an inhibiting effect remains largely unknown.
igniﬁcantly, compressive residual stresses often exist in ceramic
oatings deposited by PVD on steel substrates [19,20]. Various
ethods have been proposed to quantify and control the stress
evel [21–24], in order to improve the mechanical performance of
s-deposited coatings [25,26].
Recently, a nanocomposite multilayer coating was  synthesized
o protect metallic components used in high speed machining and
edical devices. Focused ion beam (FIB) microscopy revealed that
his novel coating consists of a superhard nanocomposite TiSiN
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uter layer, a tough columnar-structured TiN inner layer and a
i wetting layer [27,28]. Moreover, a thermal annealing treatment
as found to be effective in reducing the residual stress in the coat-
ng without altering its microstructure [29]. It was  also identiﬁed,
ith the help of ﬁnite element analysis (FEA), that the propaga-
ion of corrosion through the coating layers was  suppressed by
ompressive residual stress which causes the shrinkage of open
orrosion paths in the coatings [30]. However, the modeling and
nalysis in [30] showed that the compressive stress resulted in
nly limited reduction in the cross-sectional area of corrosion pits.
herefore, this alone cannot explain the marked difference in the
orrosion resistance observed experimentally. Also notably, the
nﬂuence of the compressive stress over pre-existing structural
efects, such as pores, pinholes and ﬁssures, has not been taken
nto account in the aforementioned modeling. Yet, the latter are far
ore important, for it is much easier and faster for corrosive agents
o penetrate a ceramic coating through pre-existing defects, than
assing through the coating via corrosion pits resulting from the
orrosion process itself.
In this work, the newly developed TiSiN and TiN coating were
sed as a model system to clarify the critical factors that governed
heir corrosion resistance. First, the evolution of corrosion during
mmersion tests and its interaction with the coating microstructure
ere examined, extended from previous investigations [30]. Then,
EA was applied to simulate the re-distribution of stress within the
icinity of pre-existing defects, with emphasis on how the localized
tress modiﬁes the geometry of pre-existing defects, which in turn
nﬂuences the corrosion resistance of the coating layer. Finally, a
irect link between surface defects and residual stress with the
orrosion resistance of ceramic coatings was established.
. Experimental
.1. Sample preparation
Nanocomposite multilayer coatings were deposited onto AISI
42  tool steel substrates by PVD using a reactive close-ﬁeld unbal-
nced magnetron sputtering system (UDP650, Teer Coatings Ltd.,
roitwich, Worcestershire, UK). Details of the deposition proce-
ure have been given elsewhere [29] and can be summarized as
ollows: ﬁrst, oxides and other contaminants on the substrate sur-
ace were removed by Ar ion bombardment. Then, a Ti wetting
ayer ∼0.22 m in thickness was deposited, followed by a TiN
ransitional layer of ∼1 m in thickness. Finally, a TiSiN coating
ayer ∼1.78 m in thickness was deposited. This was  composed of
50 at.% of Ti, ∼10 at.% of Si and ∼40 at.% of N, as determined by X-
ay photoelectron spectroscopy (XPS). After deposition, some of the
amples were annealed for 3 h in a Carbolite vacuum tube furnace at
00 ◦C with a base pressure <1 × 10−6 Torr and a heating and cool-
ng rate of 5 ◦C/min. The residual stress in the TiSiN coatings was
ound to decrease from ∼10 GPa to ∼1 GPa after thermal annealing,
ccording to a recent nanoindentation study [29].
.2. Corrosion tests
The samples for immersion tests were coated by protective lac-
uer to expose only the coated area. The test was performed in 70% HNO3 solution at 25 ◦C. The immersion period was  set to
ither 2 or 8 days. Five samples for each coating condition, includ-
ng the as-deposited, and samples subjected to either 2 or 8 days
mmersion, were prepared and tested.
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.3. Surface and subsurface observation
The surface of both reference and corroded samples was exam-
ned using a ﬁeld emission scanning electron microscope (FESEM)
Model Fei Nova 230, FEI Company, Hillsboro, OR, USA). Section-
ng and imaging of the corrosion damage in the annealed sample
as conducted using a Neon 40EsB (Zeiss, Oberkochen, Germany)
ocused ion beam scanning electron microscope (FIB-SEM). Sec-
ioning of the subsurface was  achieved using the FIB to expose a
ross-section of the sample. Images were collected using an in-lens
econdary electron detector. Sectioning and subsurface imaging of
ther samples were carried out using a FIB workstation (FEI xP200
ocused ion beam microscope, FEI Company, Hillsboro, OR, USA).
he procedure has been described elsewhere [27]. First, a high gal-
ium ion beam current (∼7000 pA) was used to mill through the
urface area of interest and create a wedge-like trench. The resul-
ant rough cross-section was  then polished at medium currents
1000–3000 pA) to remove particle deposition and smooth the sur-
ace. Finally, the cross-section was  imaged at lower beam currents
∼70 pA).
.4. Simulation method
Two types of FEA models were constructed using COMSOL
ultiphysics software (Version 3.5a, Burlington, MA  01803, USA)
o analyze the distribution of residual stress in the vicinity of
re-existing coating defects, such as a micro-sized pores (typi-
ally > 5 m in diameter), a nano-sized pinhole (typically ∼30 nm in
iameter), and a long ﬁssure (typically ∼30 nm in width). The ﬁrst
odel focused on the micro-sized pore-type defects, from which
orrosion cavities were developed in the coating layer. This model
as constructed in an axisymmetric fashion (Fig. 1(a) and (b)). The
izes of the cross-section of the defects in the model were estimated
rom the FIB-generated images, with the diameters of the pores
eing 5 m and 8 m at the top of TiN and TiSiN layers, respectively.
he second model dealt with pre-existing nano-scale defects with
 typical diameter or width below 100 nm. These defects reside in
he TiN layer of 1 m thickness, which aligned vertically and acted
s passages for corrosion agents. Both pin-hole (Fig. 1(c) and (e))
nd long ﬁssure type defects (Fig. 1(d) and (e)) were modeled, the
ormer using an axisymmetric model, and the latter using a 2D
lane strain symmetric model.
FEA meshes were generated in an interactive manner to ensure
hat the mesh is denser around the edges, where large stress gra-
ients, even singularities, may  arise (Fig. 1(b) and (e)). This was
one by specifying the mesh size and the element growth rate at
ritical locations. Boundary conditions are described below. For the
xisymmetric models, the left-hand side was the axial symmetry
xis. The bottom and the right-hand side were ﬁxed along the z
nd r directions, respectively, but were free to move in the other
irections. For the 2D plane strain model, the left-hand side rep-
esented the symmetric plane, and the bottom and the right-hand
ides were ﬁxed along the z and x directions, respectively. For all
he models used, the overall dimension of the model was consid-
rably larger than the coating thickness, thus the edge effect due
o boundary constrains was  negligible.
The physical parameters of the TiSiN, TiN and Ti sublayers in
he coatings are given in Table 1. In the modeling process no
xternal load was applied. Residual stress, assumed to be homo-
eneous in each coating sublayer (Table 1), was the only source
hat induced the internal stress distribution. The Ti buffer layer was
ssumed to be stress-free, since both the substrate and the Ti layer
ave similar thermal expansion coefﬁcients. Compressive planar
tresses were assumed to be present in both TiN and TiSiN lay-
rs, the origin of which was  a combination of both intrinsic and
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Fig. 1. Finite element models used in mapping the stress distribution around pre-existing structural defects. (a) 3D cross-sectional view of a micron-scale pit, exposing both
TiSiN  and TiN sublayers, not to scale. (b) Meshes around the cavity in (a), modeled in an axial symmetric fashion; denser meshes are created in the regions a and b, where
stress  concentrations may  arise. (c) 3D cross-sectional view of a nano-scale hole through the TiN sublayer, not to scale. (d) 3D cross-sectional view of a nanometer wide
ﬁssure running through the TiN sublayer, not to scale. (e) Meshes around the structural defects presented in (c) and in (d). Note, although the 2D meshes (i.e., (e)) generated
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xtrinsic components [19]. For the as-deposited sample, the
tresses of TiN and TiSiN sublayers were set to be 3 GPa [31] and
0 GPa [29], respectively. For the annealed sample, these values
ere reduced to 0.3 GPa and 1 GPa, respectively [29].
. Results and discussion
.1. Experimental observation
The nanocomposite outer layer (i.e., TiSiN) showed remarkable
ntegrity and corrosion tolerance in an acidic environment. This
as evident from the observation that after the 8 days immersion
est the nanocomposite coating, in general, remained intact, except
n regions where original surface defects existed (Fig. 2(a) and (b)).
hese defects, normally having a diameter larger than the coat-
ng thickness, were seen in both the as-deposited and annealed
amples before the immersion test ([30] and Fig. 2(c)). Pitting
able 1
aterial properties and thicknesses of the substrate and coating layers used in the
EM simulation.
Substrate TiSiN TiN Ti
Young’s modulus (GPa) 200a 510 [29] 590b 104a
Poisson’s ratio 0.30a 0.20 0.25 0.34a
Residual stress, as-deposited (GPa) – 10 3 –
Residual stress, annealed (GPa) – 1 0.3 –
Thickness (m) – 1.78 1.00 0.22
ource:
a http://www.efunda.com/materials/alloys/.
b http://www.ceramics.nist.gov/srd/scd/Z00220.htm.
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iric model algorism, while the latter adopts a plane-strain algorism with a 2D plane
riginating from these sites was  seen in both the as-deposited and
nnealed samples (Fig. 2(a)).
Subsurface observation of corrosion damage sites, enabled by
IB, was conducted to identify the interaction between the coating
icrostructure and corrosion progression in the presence of com-
ressive residual stress. After the 2-day immersion tests, the lateral
xpansion of the pits along the TiSiN/TiN interface was observed in
oth types of TiSiN coating, since the TiN layer within the pits acted
s a physical barrier against downward progression of corrosion.
epresentative results are shown in Fig. 3(a) and (b), which have
een adapted from our previous work [30]. On closer examination,
he corrosion agent seemed to penetrate through an intercolum-
ar ﬁssure within the TiN layer of the annealed sample, forming a
orrosion path evident near the bottom of the TiN layer (Fig. 3(b)).
n contrast, there was no vertical corrosion penetration in the as-
eposited sample (Fig. 3(a)). After the 8-day immersion tests, edge
racks, which appeared along the TiSiN/TiN interface at the corner
f the pore, were observed to propagate along the TiSiN/TiN inter-
ace, in both the as-deposited and annealed samples (Fig. 3(c) and
d)). However, for the annealed sample the crack was more severe
han that in the as-deposited sample. Furthermore, at the interface
etween the TiN and the steel substrate, delamination occurred
nly in the annealed sample, even though the TiN layer appeared
ntact. This may  be attributed to the penetration of corrosion agent
hrough small pinholes, as indicated in Fig. 3(b).
Therefore, two  different processes that govern pitting were
dentiﬁed here. The ﬁrst was  related to cracks initiating at the cor-
er of pre-existing micron-scale defects which propagated along
he interface, while the second was the delamination along the
nterface between the columnar-structured TiN and the substrate,
X. Zhao et al. / Journal of Asian Ceramic Societies 1 (2013) 86–94 89
Fig. 2. Observation of micron-scale surface defects and corrosion damage origi-
nating from these defects in the samples. (a) Scanning electron microscope image
of  the surface of the annealed sample after an 8-day immersion test. Note that
nanocomposite outer layer shows high corrosion resistance and the pitting is initi-
ated from a surface defect. (b) Scanning electron microscope image of a large pit in
the  annealed sample before the corrosion test. (c) Focused ion beam (FIB) generated
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Table 2
Maximum stresses (in GPa) in regions a and b from simulation. The maximum values
of 22 and 33 are evaluated along the corrosion cavity surfaces (refer to Fig. 5(a)),
while the maximum values of zz and rz are obtained along the interfaces (refer to
Fig. 5(b) and (c)).
Region a Region b
As deposited Annealed As deposited Annealed
22 −15.7 −1.6 −9.8 −1.1
33 −30.6 −3.1 −28.5 −2.9
 −6.1 −0.6 −1.3 −0.1
c
a
e
r
n
u
t
a
t
t
z
b
t
c
w
s
i
t
w
r
c
r
T
l
r
p
c
i
[
s
l
l
o
t
r
b
d
n
c
e
c
a
r
d
T
s
iross-sectional micrograph of a pre-existing pit in the annealed sample before the
orrosion test [30]. Note that the defect is conﬁned in the TiSiN layer and neither
racks nor delamination exists around it.
esulting presumably from penetration of corrosion agent through
ano-scale pin-holes and features.
.2. FEA modeling of micro-sized defects
These pre-existing defects normally have a diameter which is
arger than the thickness of the coating. As expected, our model-
ng results indicated that the stress distribution was  signiﬁcantly
odiﬁed compared to a defect-free coating on the same substrate,
articularly at the corner of the pore, where cracks were observed
long the interface. The stress distribution pattern observed at
egion b was similar to that at region a for both the as-deposited
nd annealed samples (refer to Fig. 1(b) for regions a and b), with
 lower stress magnitude in the annealed sample. Accordingly, the
iscussion will be concentrated on region a, where edge cracks
ere experimentally observed.
An in-plane tensile stress is known to have a detrimental
ffect on the corrosion resistance of metallic components that
perate in a corrosive environment [17,32], while, conversely,
t
N
a
bzz
rz −8.2 −0.8 −2.8 −0.3
ompressive stresses have been shown to resist corrosion dam-
ge [18]. As such, the in-plane compressive stress in the coatings is
xpected to suppress corrosion in the coated samples. Of signiﬁcant
elevance to the initial corrosion process are the stress components
ear the surface of the pitting site, which can be best described
sing a principal axis system. This is because the stress ﬁeld close
o the surface was  modiﬁed by the defect, as a result, the default
xes are no longer parallel with the principal axes. In the case of
he as-deposited sample, the residual stress component normal to
he surface of a pitting site within the viewing plane, 11, remained
ero at the surface level, due to the relaxation of the stress at the free
oundaries (Fig. 4(a)). As such, close to the surface there were only
wo stress components: (a) the second principal stress, 22, also
alled the hoop stress, which was normal to the viewing plane and
as compressive in nature (Fig. 4(a) and (b)). The third principal
tress 33, which was  within the viewing plane and compressive
n nature (Fig. 4(c)), is indicated by the arrows in Fig. 4(a). Dis-
ribution of 22 and 33 along the surface of the corrosion cavity
ere also plotted in Fig. 5(a). These results showed that the original
esidual stress distribution at the corrosion site changed signiﬁ-
antly, compared to regions away from the pitting site where the
esidual stress was  distributed uniformly within the coating layers.
he maximum values for 22 and 33 were ∼1.5 and ∼3 times as
arge as that of the residual stress within the TiSiN coating layer,
espectively, and appeared at the pitting edge. It was noted in a
revious study that after annealing at 900 ◦C, there was  no obvious
hange in the structural and mechanical properties of this coat-
ng/substrate system, but the residual stress decreased signiﬁcantly
29]. Consequently, in both regions a and b the maximum compres-
ive stress for 22 and 33 in the as-deposited sample was  ∼9 times
arger than those within the annealed sample (Table 2), with the
atter being subjected to much more severe corrosion damage as
bserved from experimental results. This validated the assumption
hat the compressive stress in the coatings plays a positive role in
esisting corrosion development.
As the observed corrosion damage extended along the interface
etween the different layers, it is necessary now to consider the
riving force responsible for interfacial cracks observed at the cor-
er of the micron-scale defects (Figs. 2(a) and 3(c), (d))? Interfacial
racks are known to appear when the shear stress or tensile stress
xceeds the bonding strength of the interface. Therefore, it is more
onvenient to represent the residual stress in terms of normal (zz)
nd shear (rz) components within a polar coordinate system, the
-direction of which is parallel to the interfaces in the following
iscussion. The distributions of compressive stress normal to the
iSiN/TiN interface, zz, and shear stress along the interface, rz, are
hown for the as-deposited sample in Fig. 5(b) and (c). The max-
mum shear stress of the as-deposited sample is ∼9 times larger
han that in the annealed sample, at both regions a and b (Table 2).
ote that in a defect-free coating/substrate system the shear stress
long the interface should be zero, which has been conﬁrmed
y our modeling results. The cross-sectional observation of the
90 X. Zhao et al. / Journal of Asian Ceramic Societies 1 (2013) 86–94
Fig. 3. Focused ion beam (FIB) generated cross-sectional micrographs of corrosion-induced damage in a cavity in (a) as-deposited [30] and (b) annealed sample after the 2
days  corrosion test [30], (c) as-deposited and (d) annealed sample after the 8-day immersion test. Note that in (b) the corrosive agent penetrated through an intercolumnar
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issure  within the TiN layer which has partly closed up from the top, whereas in (d) th
nd  the lower crack (i.e., delamination) also extends along the coating and steel int
rotects  the region of interest from the potential damage caused by FIB milling.
urface defects in the coating samples before corrosion showed no
rack or delamination occurring at the corner of the pore (Fig. 2(c)),
ndicating that their bonding strength was higher than the maxi-
um  shear stress. However, the interfacial bonding may  become
eakened at the surface region, due to exposure to the acid. This
xplains why the edge cracks occurred at the TiSiN/TiN interface in
he as-deposited sample, apparently driven by a high shear stress.
t the same time, the maximum compressive stress within the as-
eposited sample is also larger (∼9 times) than that in the annealed
ample in both regions. High compressive stress is understood to
educe the propagation of the interfacial cracks, and hence enhance
he corrosion resistance of the as-deposited sample. Consequently,
ore severe delamination was observed in the annealed sample,
s seen in Fig. 3(c) and (d).
.3. FEA modeling of nano-sized defects
While the micron-scale surface defects are often involved in pit-
ing (Fig. 2), it is much smaller, pre-existing coating defects that
xhibit dimensions typically at a nanometer scale, such as pin-
oles, cracks and intercolumnar ﬁssures that play a governing role
n corrosion development by acting as pathways for the penetra-
ion of corrosion agents to the less-noble steel substrate [12,13].
his is particularly true for the TiN coating layer in the current study
Fig. 3), which is known to have a columnar structure [33]. More-
ver, because the dimensions of these defects are generally shorter
a
F
T
(er crack (i.e., the edge crack) appears to propagate along the TiSiN and TiN boundary
. In (a) Pt layer was deposited inside the FIB chamber before milling/sectioning. It
han the wavelengths of the visible range, optically they could only
e observed indirectly when an obvious corrosion trace presented
Fig. 3(b)).
In order to clarify the inﬂuence of localized residual stress upon
he geometrical conﬁguration of nano-scale defects in the TiN layer,
wo types of structural defects, namely, pin-holes and long ﬁssures,
ere simulated. The diameter (or the width) of the defects was  set
o 30 nm,  and the planar residual stresses applied were 3 GPa and
.3 GPa, for the as-deposited and annealed samples, respectively.
ur FEA simulation results showed that for the as-deposited sam-
les the maximum shrinkage of the defect was  less than 1% of the
adius in the case of the pin-hole type defect, which is insigniﬁcant
Fig. 6(a)), and this also remained almost constant with respect
o depth. In contrast, for long ﬁssure type cracks, the maximum
hrinkage of ∼100% of the width was  observed at the upper part of
he TiN layer, suggesting that complete closure of the defect might
ccur at the top of the pin-hole (Figs. 6(b) and 7(a)). However, for
he annealed samples, the maximum shrinkage was  only ∼10% for
he same ﬁssure due to a considerably lower residual stress being
resent in the coating (Fig. 6(c)). This helps explain the observa-
ion of corrosion damage in Fig. 3(b), where a ﬁssure-type defect
n the TiN layer was observed, acting as a passage for the corrosion
gent, resulting in corrosion in the steel substrate, as illustrated in
ig. 7(b). After the 8-day corrosion test more severe corrosion at the
iN–steel substrate interface can be seen in the annealed sample
Fig. 3(d)), compared to the as-deposited sample (Fig. 3(c)), which
X. Zhao et al. / Journal of Asian Ceramic Societies 1 (2013) 86–94 91
Fig. 4. Residual stress re-distribution around a micron-scale defect in region ‘a’
(Fig. 1(b)) in the as-deposited sample simulated by ﬁnite element analysis (FEA):
(a)  three principal stresses. The directions of the principal axes are indicated by
arrows, and magnitudes of the components are indicated by the size of the arrows.
11 is within the image plane and vanishes at the surface, (22 is perpendicular to the
image plan, and (33 is in plane, compressive and more evident near the surface. (b)
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Fig. 5. Finite element analysis (FEA) results of residual stress distribution along the
cavity surface and interface in region ‘a’ of a micron-scale defect (as seen in Fig. 1(b)).
The insets show the model geometries. The stress distribution is displayed along the
bold lines within the models starting from the left. (a) Second and third principal
stresses. (b) Normal compressive stress along the interface. (c) Shear stress along
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cecond principal stress, 22 , which is normal to the viewing plane. The negative sign
n  the color scale indicates that the stress is predominantly compressive. (c) Third
rincipal stress, 33 , which is in plane and compressive.
upports the above ﬁnding. Obviously, this was a direct result from
enetration of the corrosion agent through the TiN layer, although
n this case no leakage pathway was directly observed. Notably, the
artial closure of the defect at the top (Fig. 3(b)) may  result from a
ownward bending of the coating layer caused by corrosion in the
teel substrate. Furthermore, for a ﬁssure type defect the shrink-
ge would increase rapidly from the bottom of the TiN layer in the
resence of residual stress (Fig. 6(c)), indicating that the shrink-
ge would increase when the coating layer becomes thicker or the
idth of the ﬁssure becomes narrower.
.4. Conditions for closure of the ﬁssures
The geometrical conﬁguration of the ﬁssure-type defects is crit-
cal when assessing the effect of compressive residual stress upon
orrosion resistance. Normally this type of defect has a length
uch larger than its width, which satisﬁes the requirement of 2D
lane strain symmetry used in our modeling. As such, the aspect
atio of the ﬁssure defects, deﬁned as the ratio of (coating thick-
ess)/(width of the ﬁssure), becomes a crucial factor (see Fig. 8(a)).
he thickness of the TiN coating layer is typically 1–5 m,  while
he width of the ﬁssure through the coating is typically in the order
t
p
ﬁ
ahe interface. The horizontal scale, d, represents the distance along the bold lines.
f ∼50 nm.  As such, the defects usually have an aspect ratio of 20
o 100. A parametric scan of FEA models was  performed to assess
he impact of aspect ratio, in which a substrate with larger dimen-
ions were adapted (100 m × 100 m)  so as to keep the maximum
oating thickness below 10% of that of the substrate, in order to
inimize the effect of substrate bending. As seen from Fig. 8(b),
hich was obtained from the FEA parametric scan, for narrow ﬁs-
ures the coating thickness which is required to completely close
he defect from the top increases almost linearly with the width of
he ﬁssure, meaning that the aspect ratio for any particular stress
evel is a constant. Hence, a key parameter, closure aspect ratio,
an be deﬁned for different stress levels. This parameter deﬁnes
he threshold aspect ratio at which a top closure of the defect hap-
ens under speciﬁc stress levels. The larger the aspect ratio of a
ssure, the greater the shrinkage of this defect would have under
 compressive residual stress.
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Fig. 6. Finite element analysis (FEA) results of the shrinkage behavior of nano-scale defects within the TiN coating layer of 1 m thickness, induced by compressive residual
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atress.  (a) Lateral contraction around a pin-hole of 15 nm in radius (Fig. 1(c) and (e)).
f  lateral shrinkage for different types of coating defects, in a logarithmic scale, cal
he  defect moving upwards along the wall.
Notably, in this work the defects that act as the passage for the
orrosion agent are within the TiN layer which exhibits a columnar
tructure (Fig. 3(b)) [33]. The through-thickness ﬁssures are likely
o coincide with intercolumnar grain boundaries, which are weaker
han the columnar grains themselves. For the as-deposited sample
ith a residual stress of ∼3 GPa, assuming the width of the ﬁssures
re below 30 nm,  the coating thickness required to close up a ﬁs-
ure is ≤1 m (see Fig. 8(b)). This is equivalent to the coating layer
sed in our experiments. On the other hand, the residual stress
n the annealed sample is only 0.3 GPa that will leave the ﬁssure
ompletely open. Here, excellent agreement between the exper-
mental results and the modeled prediction has been achieved.
or the as-deposited coating, the resultant closure lowers the total
ross-sectional area of the open defects, and in doing so, this clo-
ure effectively blocks the passage of the corrosive agent and limits
he corrosion damage.In general, in TiN coatings a residual stress greater than 3 GPa
an close up ﬁssures with a width of 100 nm,  if the thickness of
he coating is above 3 m.  A low residual stress (i.e., <1 GPa), how-
ver, is unable to close up ﬁssures of the same size completely at
c
e
s
ig. 7. Cross-sectional schematic diagrams of the ﬁssure-type defects within the TiN lay
he  TiN layer induced by high residual stress within the TiN (as-deposited sample). (b) T
ithin  the TiN (annealed sample), consequently, the corrosion agent penetrates through
re  not to scale.teral contraction across a ﬁssure of 30 nm in width (Fig. 1(d) and (e)). (c) Percentage
d along the wall of these defects. The horizontal axis, d, starts from the bottom of
his coating thickness (Fig. 8(b)). More complete closure of defects
ill require a higher residual stress or thicker coatings. Hence, it is
ossible to improve the coating corrosion resistance by adjusting
he compressive residual stress in conjunction with the thickness
f the coating, taking into account the typical dimensions of the
efects which result from a particular deposition process. The clo-
ure aspect ratio plotted against residual stress is shown in Fig. 8(c).
t can be seen that in a TiN coating a residual stress above 3 GPa  is
esirable that yields a closure aspect ratio 30, in which case the
equired thickness of the coating layer can be reduced, compared
o the coatings with a lower compressive stress. Fig. 8(c) also pro-
ides a means to derive the coating thickness required for closing
ll the defects: for example, for ceramic coatings with typical ﬁs-
ures ∼50 nm in width, 1 GPa compressive residual stress gives a
losure aspect ratio of 100 that can be translated to a minimum
oating thickness of 5 m.  It should be noted that for different
oating materials, the required closure aspect ratios may also be
valuated numerically using similar FEA analysis.
Compared to a previous study [30], the modeling and analy-
is presented here provide a more conclusive explanation to the
er under corrosive agent attack. (a) The closure of the upper part of the defect in
he surface defect remains open in the presence of low compressive residual stress
 the TiN layer, resulting in damage to the substrate. Note, the schematic diagrams
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Fig. 8. (a) A cross-sectional view of a ﬁssure-type defect in the coating layer. Aspect
ratio = t/w. (b) The curves dedicate a seamless closure at the top of a ﬁssure within
the  TiN coating layer having certain thickness under differing compressive resid-
ual  stresses. The horizontal coordinate represents the width of the ﬁssure, and the
vertical coordinate represents the thickness of the coating layer. Different lines cor-
respond to various level of compressive residual stress, as indicated by the templates
in  the inset. The linear relationship indicates that the ‘closure aspect ratio is a con-
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resistance of coating layers dominated by this type of defect.tant for each stress level’. (c) The closure aspect ratio in the TiN coating, plotted as
 function of the residual stress within the coating layer.
echanisms that underlie the corrosion resistance of coating lay-
rs. It shows that the weakening of an interface due to a direct
ontact with a corrosive agent and the exposure of the substrate
hrough pre-existing defects, instead of an ineffective acid attack to
he coating layer itself, plays a dominant role in inﬂicting corrosion
amage to a nanocomposite coated steel. More signiﬁcantly, the
odeling results and experimental observations showed excellent
greement, and a numerical relationship between the closure of the
efects and its overarching parameters, i.e., residual stress, coating
hickness and defect width, has been established, which may  fur-
her assist in optimizing the corrosion resistant of nanocomposite
oatings.mic Societies 1 (2013) 86–94 93
It is worth noting that, in a previous study, heat treatment was
ound to be highly effective for suppressing the preferential cor-
osion at the boundary of coating and substrate through diffusion
rocess and sintering of micro-gaps [34]. Hence in this work, it is
xpected that some diffusion took place between the layers in the
oating as well as between the bottom layer of Ti and the steel sub-
trate during annealing. Sintering of some ﬁne cracks may  also be
xpected during annealing at 900 ◦C. This raises an intriguing ques-
ion: why  the corrosion resistance of the coated steel was  reduced
ollowing annealing? The answer may lie in the change of residual
tress observed in this work. According to our modeling results,
 marked reduction in compressive stress in the coating, induced
y the annealing, promotes the propagation of cracks (originating
rom the structural defects) both inside the coating and along the
oating/substrate interface. As such, it would offset the beneﬁcial
ffects of diffusion to a point that the overall corrosion resistance
f coated steel declines, as observed in this work. On the basis
f this understanding, it is suggested that during annealing two
pposite trends affecting corrosion resistance of the coated steel,
pparently caused by the diffusion and residual stress relief, may
oexist and should be taken into account, when evaluating the per-
ormance of coated specimens against corrosive attack. Caution
eeds to be taken when applying heat treatment to improve the
orrosion resistance of coated steel.
. Conclusions
Nanocomposite coatings comprising an outer TiSiN layer and
 columnar-structured TiN transitional layer were prepared. The
echanism through which compressive residual stress regulates
he corrosion resistance of the coating layers was investigated by
ombining site-speciﬁc subsurface observation with FEA. The FEA
esults agree well with the experiment observations. The key ﬁnd-
ngs can be summarized as follows:
. Two  different processes that underlie pitting were observed
experimentally in the coatings: (a) cracks initiating at the cor-
ner of pre-existing micron-scale defects and propagating along
the interface, driven by the combined effect of localized shear
stress and corrosion-induced weakening, (b) delamination along
the interface between the columnar-structured TiN and the sub-
strate, resulting from the penetration of corrosion agent through
nano-scale pin-holes and ﬁssures.
. At the surface of the micron-scale defects, the tangential com-
pressive stress (22 and 33) improved the corrosion resistance
of the as-deposited coating. Delamination occurred at the inter-
face between the TiSiN and TiN coating layers around the corners
of the micro-sized defects, apparently driven by the shear com-
ponent of residual stress. However, its propagation was  resisted
by the compressive stress component which is normal to the
interfaces. Both the shear and normal components were pro-
portional to the compressive residual stress in the coatings.
. The shrinkage, or closure, of nano-scale defects, facilitated by
the compressive residual stress, is one of the key mechanisms
through which the corrosion resistance of the coating system is
enhanced.
. Greater residual stress and a larger coating thickness will aid in
the closure of through-coating defects and improve resistance
to corrosion attack. The closure aspect ratio of the ﬁssure-type
defects is proposed as the key indicator that deﬁnes the corrosionNumerical results are obtained for closure aspect ratio in the
TiN coating, as a function of defect width, coating thickness and
residual stress.
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. Considering the beneﬁcial effects of compressive stress in resist-
ing the interfacial cracking, caution should be exercised when
heat treatment is used to promote the diffusion effects.
A high residual stress in a thicker coating layer is particularly
ffective in enhancing the corrosion resistance of a coating layer
ith typical ﬁssure-type defects, for example, in a columnar struc-
ured coating. The ﬁndings are expected to be used as a guide in
esigning and optimizing corrosion resistant coatings.
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